Ernster (24) and measured spectrophotometrically accord- (35) ing to the method of Berenblum and Chain (5). Determina-.
MATERIALS AND METHODS
tions were made in duplicate upon reactions carried out at 25, 37, and 45 C.
For determinations of the rate of oxidation of NADH, Sprague-Dawley rats, fed ad libitum on standard laboratory diet, were used for this study. At the time of kill the weights were approximately 250-300 g. For determinations of mitochondrial respiratory rates and ADP: 0 ratios, two groups of 10 animals each were used. The 20 animals were arbitraril in forced .y selec exercl ted on the basis of willingness to participate se. Each group was comprised of five males and five females. One group was a control group; the other was used immediately after a period of severe exercise. All animals were trained daily to be able to run on a motordriven treadmill for 1 hr at 18 m/min on a 10% grade. Control animals were killed no sooner than 48 hr after the last bout of physical exercise. Exercised animals were run for an hour at 18 m/min up a 10 % grade. After an hour the workload was increased to 27 m/min at 10 % grade; most rats continued for at least another 30 min at this workload. At exhaustion, animals were killed by a blow to the head and then decapitated.
Exhaustion was determined to be that point at which animals were no longer able to keep pace with the treadmill even in response to electrical, mechanical, and acoustical stimuli. The hindlegs were rapidly removed, skinned, and immersed in ice-cold isotonic KCl. Dissection and all other preparatory procedures were performed at o-2 c.
NADH was added to a substrate concentration of 1.67 mM. ADP was added to the incubation medium to a final concentration of 4 mM. Stock NADH solutions were made fresh for each experiment.
For temperature measurement in vivo, 12 female rats were trained to run as described above. The six best performers were then run to exhaustion, at which time temperatures were measured in the thigh of a hindleg and in the liver with a copper-constantan thermocouple mounted in a Zlgauge needle. Control data for animals at rest were obtained from the six remaining rats.
RBULTS
Although throughout this study temperature was observed to have a profound effect on mitochondrial activity, no significant differences were found between the control and exercised animals in sfafes 3 or 4 respiration, or in ADP: 0 ratios, regardless of the temperature at which the measurements were made. Nor were there any significant differences observed between males and females within the two groups of animals. Good structural integrity of mitochondria isolated from both control and exercise-exhausted animals was indicated by the inability of all preparations to oxidize added NADH even in the presence of FCCP. Because Skeletal muscle mitochondria were isolated according to differences between mi tochondria isolated from control and the method of Makinen and Lee (25). Oxygen uptake was -----measured polarographically with a Clark type oxygen elec- exercise-exhausted animals were not demonstrable, the mitochondrial data in the remainder of this paper will deal with results obtained from control animals only. 503 Figure 1 shows the effect of temperature on SAC&S 3 and 4 respiration, the ADP: 0 ratio, and the respiratory control ratio (RCR).
Between 25 and 37 C, both states 3 and 4 respiratory rates increased fairly linearly. Above 37 C, both rates of respiration continued to increase, but at a far greater rate than below 37 C. Because the increase in sfafe 4 respiration with increasing temperature was particularly pronounced, respiratory control decreased rapidly at temperatures above 37 C. The ADP: 0 ratio remained fairly constant in the temperature range from 25 to 40 C. Above 40 C the ratio declined linearly until at 45 C a significant decrease (P < 0.01) of 18 % was observed compared to the ADP: 0 ratio at 37 C. Figure 2 depicts from which the data in Fig. 1 were calculated.
For comparison, the same time scale has been used for both 25 and 45 C. In practice, for purposes of accuracy, the time base on the 02 electrode recorder was expanded 5 times for readings at temperatures above 37 C. Figure 2 also shows the large difference in the amount of 02 initially in solution at the two temperatures.
In addition to the large differences in rates of O2 consumption, skeletal muscle mitochondria incubated at 25 and 45 C also showed a striking difference in response to oligomycin.
The rate of respiration after administration of oligomycin at 25 C was not very different from that seen in state 4. However, at 45 C oligomycin inhibited respiration to about 50 % of the state 4 rate. The effect of oligomycin in inhibiting respiration below the level of state 4 (i.e., the percent inhibition of state 4 respiration) was not linear with respect to temperature but increased (Fig. 3) oligomycin-sensitive ATPase activity of isolated skeletal muscle mitochondria was assayed at 25, 37, and 45 C. A greater increase in oligomycin-sensitive ATPase activity was observed between 37 and 45 C than between (Fig. 4) 25 and 37 C. These data are in agreement with the effect of temperature on stats 4 respiration (Fig. l) , and with the effect of oligomycin on respiration (Fig. 3) . The effect of temperature on the RCR is also depicted in Fig. 4 . A differential temperature effect, although the inverse of that on ATPase activity, is apparent in the RCR. In this case there was a slow decrease in RCR between 25 and 37 C and a rapid decrease between 37 and 45 C. As Apparently, the heat load generated by severe exercise is so great that the core may in effect function as a heat sink for the skeletal musculature maintaining muscle temperature below the point where a significant reduction in the ADP : 0 ratio occurs (7).
If elevated muscle tempera tures produce the same effects in vivo that we were able to demonstra te in vitro, the question arises why we were unable to isolate mitochondria from exercise-exhausted rats which displayed, at lower temperatures in vitro, the aberrant effects we were able to induce at high temperatures. Published reports indicate that exercise dauses both cardiac (2, 18) and skeletal muscle (11) mitochondria to swell to several times their normal size. It is possible that disruption of the tissue during the mitochondrial isolation procedure results in fragmentation of some swollen mitochondria and their loss during differential centrifugation.
However, since there was no obvious difference in the mitochondrial yield from control and exhausted animals, a more likely explanation is that the exposure of mitochondria from exercised animals to isotonic solutions containing substantial amounts of bovine serum albumin, ATP, and EDTA during isolation may reverse the disruptive effects of exercise, greatly increasing th .e probability that mitochondria isol ated will be normal. Our studies on isolated rat skeletal muscle mitochondria in vitro provide some insight into possible metabolic mechanisms whereby postexercise 02 consumption is increased. The most marked effect of temperature on isolated skeletal muscle mitochondria was the effect on the state 4 respiratory rate. Within the physiological range of 37-45 C the rate of s&fe 4 respiration was increased over 200 %. (Fig. 3) . Since the rate of state 4 respiration is supposedly independent of the availability of ADP, there would seem to be no reason to expect such a differential effect of oligomycin on the sfafe a respiratory rate unless there were, at higher temperatures, a higher rate of ATP turnover to generate ADP and thus increase the rate of respiration.
Since the mitochondrial ATPase is stimulated at elevated physiological temperatures (Fig. 4) X-1 is no longer a substrate at the site or by destroying the hydrophobicity of the active site, allowing the hydrolysis of X-4 by H+ or OH-ions (Fig. 5B) . The actions of oligomycin could then be as depicted in Fig. SC , to prevent a conformational change in the enzyme at X-1 and to inhibit the ATPase. By inducing an energy leak at X-1, temperature would stimulate ATPase activity. The energy required to push the reaction catalyzed by the ATPase (EC 3.6.1.3) in the direction of ATP would not be available and the enzyme would, because of its equilibrium constant, hydrolyze ATP to ADP and Pi (Fig. 5s) . Direct measurements of oligomycin-sensitive ATPase activity (Fig. 4) 
